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certainty for the discrepancy between his results and those 
which I obtained, but I think it probable that the apparatus 
which he used may not have been sensitive enough to detect 
the alteration in the ionization. He mentions that at the 
higher temperatures the " heated vessel appeared less active," 
but attributed this to some other cause. I t  looks extremely 
probable that this was a genuine effect, but that the detecting 
instrmnent was not sensitive enough to show the efibct to a 
sufficiently great extent. In the experiments which I did the 
electrometer used was a very sensitive one, giving a deflexion 
of about two thousand scale-divisions for a difference of 
potential of one volt between the quadrants. There was 
therefore no difficulty in detecting any alteration that might 
take place in the ionization. 

In conclusion I desire to express mythanks to Prof. Thomson 
for the kindly interest shown and advice given throughout 
the course of this investigation. 

Cavendish Laboratory, 
Cambridge, Nov. 5th, ]903. 

XI I .  Investigation of the Arc in 3letalllc Vapours in an 
Exhausted Space. (Contribution from the Research Labo- 
rator.q of General Electric Co., Schenectad.q , ~V.Y.) B q 
E. WE~NTniVB, Ph.D.* 

[Plates IlI.-XI. 7 

Introduction. 

W H I L E  the carbon arc has been the object of a great 
number of investigations, the arc between mercury 

electrodes, which offers much simpler relations from a 
theoretical point of view, has so far been investigated but 
very little. We may distinguish between two distinct periods. 
In the first one the investigation was limited to the mercury 
arc in air. Thomas Way (1857), (1861)t  was probably the 
first to publish observations on a mercury arc in air. One 
of  his electrodes consisted of a stream of mercury, the second 
one of a mass of mercm'y or a piece of carbon, upon which 
the stream was caused to flow. 

Beginning at that time, a number of inventors occupied 
themselves with the arc, and a great nmnber of patents were 
taken out on this subject. They were all founded on the 
same principle as the lamp of Way,  and did not contribute 
anything essentially new to the ar~ or science. 

* Communicated by the .~_uthor. 
~- Dingler's Polytechn. Journ. vol. clvii, p. 399 (1860) ; vol. clix. p. 46 

(1861) ; also U.S. Pat. 8345, Oct. 8 (1861) ; Eng. Pat. 2841 (1857). 
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A certain advance is represented by the patent, of Rapieff*, 
who used a closed vessel with two mercury electrodes, and 
started the arc by bringing the electrodes into contact and 
separating them. He used a cooling chamber to condense 
the vaporized mercury, and speaks of the advisability of 
exhausting the tube in which the arc is to play. 

The study of the mercury arc in an evacuated space 
begins, however, with Areas, who 13ublished his observations 
in Annalen der Ph3/sik , vet. lviii. 13. 73 (1896), also in Verb. 
Phys. Ges. Berlin, p. 55 (1892), and Zeitsc]~r.fi~r Beleuchtungs- 
wesen, Aug. 15, 1895. From these articles we may date 
the second period in the development of the mercury arc. 
Areas described the general properties of the mercury arc, 
of the electrodes, and even constructed a small mercury- 
lamp which can be used as a source of light, especially for 
laboratory experiments. Areas also investigated~ to a certain 
extent, the behaviour of amalgams in the tube. The work 
of Areas will be mentioned many times in the course of 
this article. 

Gmnlich published a few observations oa the use of cad- 
mium amalgam as an electrode in Wied. Ann. vol. lxi. p. 401, 
(1897). Further work on the mercury,lamp, especially the 
method of startillg the lamp by an inductive high-voltage 
shock, has been done by Peter Cooper ttewitt. 

This publication contains some results of the work carried 
out in the Research Laboratory of the General Electric 
Oompany. Only those results are mentioned which are of 
interest from a theoretical 13oint of view, while the practical 
side of the question is not considered. 

w 
Starting of an Arc in Metallic Vapours. Properties of 

the Cathode. 
Metallic vapours, such as vapours of mercury, alkali metals, 

and some of the heavy metals, which have been investigated, 
have, even when overheated to a considerable degree, only a 
very slight conductivity, which in the case of mercury, accord- 
ingto J .  J.  Thomson ('Phil. Mag. [5] vol. xxix. pp. 358 & 441, 
1890; see also Strutt, Phil. Mag. [6] vol. iv. p. 596, 1902), is 
of the same magnitude as that of air. The starting of an arc 
between two mercury electrodes in a well-exhausted tube, by 
means of moderate voltage, presents, therefore, dif[iculties 
which have been overcome by previous investigators in two 
different ~ays~ both of which were used by Areas. 

Eng. Pat, 211 (1879), 
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One of the methods consists in bringing the two mercury 
surfaces, which have to serve as electrodes, into contact, then 
separating them and lengthening slowly the arc by moving 
one of the mercury electrodes away. 

The other method is founded on the principle of breaking 
down the initial resistance (dielectric strength) of an evacuated 
space to passage of current by a high-voltage discharge. 
This method was further developed with a view to commercial 
application of the arc as a source of light by Peter Cooper 
Hewitt  (Electrical World and Engineer, p. 641, April 20, 
1901). 

From a practical point of view the two methods are in- 
convenient. The~ first one requires a large mass of mercury, 
and the starting, especially of long arcs, is slow and uncertain. 
The second one needs rather complicated arrangements for 
the production of the high-voltage shock, and has other 
disadvantages which need not be discussed here. 

The new way of starting the passage of a current of low 
voltage through metallic vapours that is to be described in 
this paragraph solves, from a practical standpoint, the proble,n 
of starting long arcs in a convenient way and instantaneously, 
without the help of any higher voltage than that necessary 
for maintaining the arc;  while from a them'eticul point of 
view it throws some light on the mechanism of the con- 
ductivity of the arc in general. The results obtained can be 
conveniently expressed by using the modern terminology 
of the theory of ionization in gases, and the principle dis- 
covered can be considered as the first application, to my 
knowledge, of that theory to a practical problem. 

The following series of experiments will serve to lead up by 
degrees to the recognition of that principle. 

Ext~eriment 1.--Fig .  1 (P1. III . )  represents a glass tube 
ABCD, which has four cups A, B, C, D, filled with mercury. 
The tube is exhausted by means of a mercury-pump of the 
Sprengel type to as high a degree of vacuum as possible. 
The dimensions of' the tube are not very essential tbr the 
success of the experiment, so long as the distance between C 
and A does not greatly exceed 10 inches. By means which will 
be described later, an arc is established between the electrodes 
B and D, the current being derived from a direct-current 
source of' moderate voltage y (tbr the sake of simplicity one 
can assume that arc BD is being started by means of a high- 
voltag~ discharge). A source of direct current, g/, o~ mode- 
rate voltage (100-200 volts), independent of the first one, 
is connected to the two cups A and C. ~" and~'i are two 
variable resistances. Under ordinary conditions, in absence 

_Phil. May. S. 6. Vol. 7. :No. 38. ;Feb. 1904. t t  



98 Dr. E. Weintraub on the Arc in 

of the are BD, the are does not stare between C and A, 
nor is heating of the mercury by a Bunsen burner, so as 
to fill the space with mercury vapour, any help. In presence 
of the arc BD a lmninous vapour spreads out from the path 
of the arc in all directions, and fills the space between C 
and A. A direct-current ammeter in the circuit AC shows, 
under these conditions, a slight current, which varies according 
to the circumstances from "01 to "1 ampere. Under these 
conditions, the arc between C and A will eventually start, 
the current increasing, quite suddenly, up to 4-10 amperes, 
according to the resistance in series with the arc. Under 
apparently the same conditions the starting of the arc usually, 
however, does not take place at all. If all shaking of the 
tube is carefully avoided, this condition can be kept up 
indefinitely. The impression one receives from this experi- 
ment is that to allow the passage of a large current in the 
form of an arc, something must happen on the surface of the 
electrodes. This conclusion is made almost a certainty by 
the following experiment. 

Experiment 2.--Let us suppose that in fig. 1 the cup A is 
connected to the negative pole of the direct-current source, 
and while the arc is running between B and D, as pre- 
viously, let us bring in contact for one moment the mercury 
surfaces A and B, B being one of the electrodes of the 
arc BD. Immediately on bringing these two surfaces into 
contact the arc starts up between the two electrodes C and A. 
~No starting takes place if the electrode A is electrically 
connected to the positive pole of the direct-current source g/. 

From this fnndamental experiment one derives the con- 
clusion that in order that an arc should start between two 
mercury electrodes, placed inside a highly evacuated space, 
and connected to a source of moderate voltage (magnitude of 
a few hundred volts), the cathode mustj~rst be rendered active, 
and we will interpret this in the light of the ionic theory 
by assmning that an ionization process must be started at the 
surface of the cathode in order to allow the passaqe of  an arc 
thro,gh metallic vapours. The anode behaves diiTerently and 
receives the arc, the ionization process being once started at 
the cathode, without any diMculty. It is, however, irre- 
levant whether the active electrode B with which the others 
are brought into contact is anode or cathode of the arc BD. 

The fact that the cathode of the new arc becomes active 
by contact with the anode of the running arc is due to a 
secondary effect. On connecting the two mercury surfaces 
of opposite signs, the current of one machine goes through 
the other, in the direction r (CD-arc, D being 
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the cathode, BA-mercurv surface); oll disconnecting B and A 
an arc is formed whicl'~ has A for a cathode, so that A is 
rendered active. 

The same results are obtained if in the same tube arc AC 
is allowed to run, and the starting of BD attempted. The 
fact that the mercury arc plays above the mercury in B 
does not make any essential difference. 

Instead of bringing the cathode C in contact with B, let 
ns proceed as follows : ~  

Experiment 3.---The connexions to BD remaining the same, 
let us apply the second source of current to the terminals C and 
B of the tube, so that B is connected to the negative poles of 
the two circuits. By some means, which will be clear from 
what follows later, the arc BD is started ; if the switch s in the 
circuit of g~ is dosed, the arc BC starts up instantaneously. 
The explanation of this experiment on the basis of expe- 
riment 2 is evident. 

Experiment 4.--Final ly,  let us dispense with the different 
circuits~ and make the connexions in the way shown in 
.fig. 2. In the tube ABD, A and B are two mercury elec- 
trodes and D is an electrode of mercury, graphite, or a 
metal like iron. (In the form shown by the figure the elec- 
trode D is supposed to he a piece o~ solid material, such as 
graphite or iron.) The negative pole of a source of moderate 
voltage, such as t25 volts, is connected to B ; the positive is 
connected in parallel to A and D. The length of the tube 
BD is limited only by the availabie voltage. AB is a short 
tube, about 1 inch long. Two resistances are placed in the 
circuit: one, r, iu the positive line going to D, to limit the 
currentin the arc ; the other, ~1 (75-150 ohms, with 125 volts 
impressed), in the branch leading to A. If  the surfaces of the 
two mercury electrodes, B and A, are brought into contact 
and separated again, a small arc is established between A and 
B, and the ionization process, being thus established on the 
cathode B, the ions propagate along the tube BD and an are 
starts between B and D. I f  tl~e tube is well exhausted~ the starting 
of the little arc AB and that of the main are in the tube BD are 
.simultaneous~ and the whole process is nearl// instantaneous. 
The are AB can then be interrupted by opening a switch in 
the branch leading to A. A is called the "auxiliary anode," 
the tube AB the "s ide branch," or "s tar ter ."  The operations 
described can be easily performed automatically by the current 
itself, and one of the many arrangements used is illustrated 
by figure 3. 

Experiment 5.--The mercury fills the cups B and A 
(fig, 3) up to the leve ler .  K L  i s a r o d o f  iron, and S i s  

I-I2 
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a solenoid. On closing the switch 1 ) the current goes through 
the solenoid and the mass of mercury filling the cups AB. 
The energized solenoid pulls the iron rod out of the mercury, 
thus separating the mercury surfaces A and B, and a spark 
is formed which starts up the arc in the main tube BD By 
providing a magnetic cut-out energized by the current flowing 
in OD, the current in the side branch AB can be cut out 
automatically as soon as the arc BD starts up. The current 
in the side branch need not be large, and a small part of an 
ampere is sufficient to start the ionization process on the 
cathode B and the flow of ions in the tube BD. The length of 
this latter tube is regulated only by the volt~ge impressed on 
it, and with 1 "20 volts tubes 55 ins. long can be readily started. 
The instantaneous starting up of such a long arc is one of the 
most beautiful and effective experiments for the purposes of 
demonstration. 

The arrangements arrived at in figs. 2 and 3 represent a 
convenient way of starting a mercury arc, or an arc discharge 
through any other metallic vapour, instantaneously, by means 
of a source of the same voltage as that on which the arc runs 
stable. 

The initial spark can also be produced by means of a Holtz 
machine or induction-coil, the two poles being connected to 
the electrodes A, B of the starling branch in the same way as 
was the source of moderate voltage. This spark is, however~ 
somewhat less efficient in consequence of the very small flow 
of current produced by it. 

The experiments 4 and 5, illustrated by figs. 2, 3, do not 
succeed if B is made the anode and A and D the two cathodes 
of the are. The arc AB starts, of course, in the same way 
as before. The main arc BD does not start, however, even 
after the ionized vapour propagating from the arc AB has 
filled the space BD, whether D is a mercury or graphite 
anode. 

The difference in the behaviour of the two electrodes in 
respect to the starting of the arc is shown by all these expe- 
riments. In the ordinary way of starting an arc between two 
electrodes, such as two carbons, or two metals, by bringing 
them into contact and separating them, the process is entirely 
symmetrical, and no conclusion as to the difference between 
the two electrodes can be drawn. 

By the experiments described above, especially experi- 
ment 2, this process has, so to speak, been divided into two, 
and the predominating rSleof the cathode shown. This does 
not prove that no ionization at all takes place at the anode, 
but only that the primary one takes place at the cathode, and 
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that in order that an arc should be started, this primary 
ionization must be excited on the cathode. 

We are now able to complete the description oF the expe- 
riments 1 and 2 by giving the most convenient way, before 
alluded to, for starting the arc BD in those experiments. I t  
consists in making the tube AB a side-branch, making the 
connexions as shown in fig.'2, and then disconnecting" A and 
applying the second source g/. 

The different methods by means of which a mercury are 
can be started in an exhausted tube may be now summarized. 

1. Bringing the cathode into contact with the anode and 
separating the two electrodes. This is the ordinary method 
used in all arcs. 

2. Application of high voltage to the two electrodes. 
3. The new method described in experiments 1 and 2, that is, 

bringing a cathode in contact with an already active electrode. 
4. Mere mechanical agitation of the mercury. 
JL}periment 6 .~I f ,  in fig. 2, the tube BD is short, the tube 

well exhausted, the connexion to the electrode A can be taken 
off, and the are BD started by violent shaking of the tube. 
This is accounted for by the fact that ~he shaking of the 
mercury in an exhausted tube is accompanied by production 
of light, that is, of lumiuous ionized vapour, starting from 
the surface of mercury. 

5. Contact of' the cathode with ionized vapour. Returning 
to experiment 1, we found a small current flowing between 
the electrodes A and C. This was carried by the ionized 
vapour supplied by the arc BD. This current differs in ma.g- 
nitude according to the amount of ionized mercury vapour m 
the space between the electrodes. The eventual starting of 
the arc AC can be explained by assuming that the presence 
of ionized vapour facilitates, under certain conditions, the 
starting of the ionization process on the cathode. Shaking of 
the mercury surface or the impact of the condensing mercury 
running back seems to be the more effective the larger the 
amount of ionized vapour present above the surface. In this 
connexion the following experiment is interesting. 

Experiment 7.~The glass tube ABCD (fig. 4) has three 
mercury cups~ A, ]3, (J, and one graphite electrod% D. 
B and C are connected to ~ direct-current source g ; A and 
D to another direct-current source y .  The circuit AD 
being open~ the arc BC is s t a r t ed ; in  this arrangement 
the are surrounds the electrodes A and D of the other 
current. Closing the switch s in the circuit of AD usually 
establishes an arc between A and D. It is, however, possible~ 
although not very easy~ to realize such conditions that on 
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closing the switch s a few minutes pass before an arc is 
established between A and D. It  seems, therefore, that the 
presence of ionized vapour in itself is not sufficient to start 
the ionization at the cathode, but that it facilitates the actior~ 
of the other causes. 

w 
)?Sle of Vacuum. Function of the Carbon _Filament. 

The phenomena described in the first section, especially 
that of the instantaneous starting of a long arc, take place~ 
only when the vacuum in the lamp is as high as can be 
reached by careSfl exhaustion with a good mercury pump. 
Measurements by means of a McLeod gauge have shown 
that when the pressure of foreign gases (air, hydrogen, 
&c.) exceeds about "01 mm., the starting of tile main arc in 
the arrangement shown by fig. 2 is not instantaneous, but 
takes some time; and the ionized vapour, coining from the 
cathode of the auxiliary arc, is seen to creep up slowly in the 
tube until it reaches the anode, and then eventually causes 
the starting of the arc. I f  the vacuum becomes lower than 
the limit given above, the arc starts with difficulty, or not 
at all. As the vacuum becomes poorer and poorer the pheno- 
mena become more complicated, and the regularities observed 
in a high vacumn become obscured. In order, therefore, 
that the experiments described in Section 1 should succeed, 
the vacuum must be high and the gases from the walls and 
from the electrodes must have been driven off. In repeating 
the experiments of Section 1 it would thereiore be advisable 
to begin with short tubes (5-6 ins.), as the reproducing of the 
phenomena in long tubes requires some experience and skill, 
which can be gained only by actual work on the subject. 

The experiment relating to the starting of an arc by means 
of a side-branch may therefore be described in detail. After 
the tube has been exhausted on a good Sprengel pump, the 
mercury that is to serve as electrode is poured in, or better 
distilled in, from an attached glass vessel connected to the 
main tube by means of a narrow glass tube that allows the 
vessel to be sealed off subsequently. When. enough mercury 
is collected in the cups A and B (letters refer to fig. 2), 
so that by slight shaking the two mercury surfaces can be 
easily brought into contact, the connexions to the current 
source are made and the arc in the side-branch is started. At 
this stage it is best to have in the side-branch about 4 amperes. 
I f  the vacuum is high enough, the main are in the tube BD 
will probably flash up, but will immediately go out in con- 
sequence of the large amount of gases given off from the 
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walls of the tube and from the anode (this being supposed to 
be made of a solid conductor such as graphite, iron, silicon, &e.). 
The ionized vapour emitted by the cathode (the are stiii 
running in AB) begins to propagate slowly along the t ,be; 
and when it reaches the anode and the vacuum is improved by 
the continued action of the pump, the arc will start up, go out 
again, and repeat this many times, until the greater part of 
the gases has been liberated from the anode. The are is 
then allowed to run for some time (it is best to open the side- 
branch arc when the main arc has become stable), tile tube 
being constantly connected to the pmnp; and when the 
mercury in the pump, by its hammering sotmd, indicates that 
only traces of gas are given off', the tube is ready for the 
experiment. I t  is difficult, if not impossible, to get rid of all 
the gases occluded in the anode and on the walls of ~ the vessel. 
With a little experience it is, however, easy to recognize the 
moment when it is safe to seal the lamp off the pump, and 
have a lamp which will run for many hundred hours without 
a serious impairment of vacuum. 

Another ihctor must be taken into consideration While 
carrying out the experiments. The presence o~ inert, non- 
conductive mercury vapour acts in much the same way.as 
the presence of foreign gases, so that the starting is easier 
when the tube is cold than when it is hot. If, after the arc 
had beea running for some time, the current is interrupted 
and the starting attempted again, three intervals can be 
distinguished. In the first one, which lasts a few minutes, 
the starting is easy. In the second one, which may last from a 
few minutes up to a few hours, the starting is not instantaneous. 
I n  the third one, when the lamp is more or less cooled down, the 
arc starts again instantaneously. The length of the first and 
second intervals depends upon the length of the tube, the 
magnitude of the impressed voltage, and the care with which 
exhaustion has been carried out before sealing off the lamp; 
the longer the tamp, the smaller the impressed voltage, and 
the lower the vacuum the shorter is the first and the longer the 
second interval. With very long tubes of 50-60 ins., and an 
applied voltage of only 120 volts, it is often necessary to 
let the tube cool down for two or three hours before the 
starting becomes instantaneous. It is possible that this 
behaviour of the tube is not so much due to the presence of 
mercury vapour as to the presence of traces of foreign gases 
driven out by the heat of the arc and reabsorbed by the walls 
of the tube after they had become cooled down. Still~ the 
phenomenon is to be observed with long tubes even after vdrv 
careful exhaustion and while the tube is connected with thee 
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pump, and in view of the influence of the non-conductive 
mercury vapour on the stability of the arc recorded later, I 
consider, it highly probable, that the presence of. mercury 
vapour m itself is suiIicmnt to prevent the starting of the 
lamp. The behaviour is, of course, quite different when the 
impressed voltage is high enough to split up the mercury 
molecules. In that case the heating of the tube and the 
mercury facilitates the starting. The same is, however~ the 
case with the presence, in small quantities, of foreign gases; 
so that the analogy between the behaviour of inert mercury 
vapour and other non-conductive gases toward high, as well 
as low, voltages is complete. 

Starting from the idea that the presence of slight ~raees 
of foreign gases or mercury vaponr affects only the rate of 
propagation of the ionization, I was looking for means to 
accelerate the latter, and so make the starting of the arc sure 
at any time, with cold and warm tubes. This means has 
been found in a thin carbon filament of high resistance, 
suspended to the anode and reaching within a short distance 
(3-6 ins.) of the mercury cathode. Such a lamp, if well 
exhausted and if care has been taken to drive out by heating 
the gases of the filament and anode, starts up at any time 
instantaneously. 

" " " r " JExpemment 8.--The lamp is epresented m fig. 5. After 
the tu-be has been well exhausted and the mercury introduced 
into the cups, the arc is started in the side-branch, the 
tube being connected to the pump. The are in the main 
tube starts up first between the mercury cathode and the 
lower end of the filament. The filament is in this way 
heated up by the current which flows through that arc and 
the gases set free are carried away by the pump. When 
most of the gases occluded in the filament have been driven off. 
the arc fills out the whole tube and goes to the piece of 
graphite D, which serves as anode. By the heat generated 
at the anode the gases occluded in it are expelled. When 
most of the gases have beert driven out and the tube shows a 
beha,Aour like that described above (instantaneous starting at 
any time with a small current in the side-branch), the lamp 
can be sealed off and the experiments repeated with it at any 
time. Care has to be taken, however, never to have an are 
in the tube with higher current than that at which it was 
exhausted. 

The rSle of the carbon filament is not perfectly clear. It 
certainly helps the starting by shortening the distance between 
the cathode and anode, since when the ionization reaches the 
end of the filament a small current is already established 
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which may assist the propagation along the tube. This 
explanation is, however, not su~cient to account for the 
peculiar action of the carbon filament. The following expe- 
riment is instructive in this respect. 

Experiment 9.--The arrangement is the same as in fig. 5, 
with the exception that the carbon filament is surrounded by 
a narrow glass tube open at both ends. When the arc starts 
up it first fills the inside of the narrow tube, gliding along 
the filament, although the mercury arc has in general the 
tendency to avoid narrow tubes, in view of the high resistance 
of the path. After a while the arc, of course, spreads out 
and fills the whole section of the tube. 

The action of the carbon filament cannot be ascribed to the 
well-known ionizing-power of incandescent filaments, since 
the whole process of starting in a well-exhausted tube is 
nearly instantaneous, and the filament has not the time to get 
hot at all. After the arc is started the filament does not 
play any r61e at all. In consequence of its high resistance in 
comparison with that of the arc, the current i]owing through 
it is insignificant. The carbon filament is about the only con- 
ductor that can be used for this purpose, other filaments, 
such as iron, platinum, &c., being too good conductors and 
melting off the moment the arc strikes their lower end. 

w 
-Properties of the Mercury Arc and of the two Electrodes. 
In so far as the discharge through mercury vapours is 

characterized by a relatively low voltage across the terminals, 
by a high current, and by a higher temperature of the anode 
in comparison with the cathode, this discharge must be 
classified in the same group with the arc between two pieces 
of carbon, or between two metals in air. In consequence, 
however, of the high vacuum and the volatility of mercury, 
the arc can be made of any desired length~ and offers the 
best opportunity for an exhaustive study of the subject. The 
arc, as such, has been investigated in some respects by Arons; 
and, so far as his results go, I can in most cases confirm 
them. 

In common with all the arcs, the voltage across the mercury 
are varies only little with the current. If, for instance, the 
current increases four times, the voltage will vary by only 
5 to 6 per cent. In the first approximation~ therefor% the 
resistance of the arc can be considered as invereel31 proportional 
to the current (Arons). In contradistinction to the ordinary 
carbon ar% however, the voltage varies in the same sense as 
the current. This difference is probably explained by the 
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fact that the cross-section of the mercu D, are is constant, 
while in the carbon arc the section increases with the current. 
The independence of the voltage from the current is a 
property which all arcs have in common with the positive 
column of a Geissler discharge; and this suggests the idea 
that in the continuous passage of the phenomena observed 
in Geissler tubes to those classified under the name arcs, 
the development of the positive column and the disappearance 
of the cathode space and negative column are tile most pro- 
nounced factors. There is a potential drop at each of the 
electrodes which for two mercury electrodes gives a stun of 
13} volts, and for a mercury cathode and an iron or graphite 
an(~de a sum of about 7{ volts. By inserting two platinum 
wires in the arc and measuring the potential drop between 
each of the electrodes and the platinum wire, as well as that 
between the platinum wires themselves, one finds that the 
drop at the cathode amounts to about 5 volts, at the iron 
or graphite anode 2} volts, and at the mercury anode 
8 volts. These values differ a little from those given by 
Arons. The voltage drop in the are outside of tha~ of the 
electrodes themselves is exactly proportional to the length of 
the arc, and is smaller the larger the diameter. A simple 
relation between the potential drop per unit length and the 
section of the tube does not seem to exist. The outside 
temperature being 15 ~ to 20 ~ the potential drop in tubes of 
~-inch diameter is about 1"8 volt per inch. 

If  the ~,acuum is perfect and the starting of the arc made 
by means of' an auxiliary arc, as described in w 1, the are 
presents from the ~ery first moment a uniform appearance 
throughout all its length, except for a dark space above the 
cathode which afterwards disappears ahnost completely, and 
shows no striations whatever. 

Schuster found a similar result in case of a Geissler dis- 
charge through mercury vapour. In absence of air nc~ 
striations could be obtained ~. 

The arc is at the first moment rather dim, and reaches its 
full brilliancy only after about I0 to 15 seconds (if the tube 
was cold to begin with). If, however, the vacuum is not 
perfect (especially in absence of the carbon filament) so that 
the starting is slow, and the ionized vapour is seen to move 
slowly from the cathode to the anode, the arc is usually 
preceded by the appearance of striations, starting from the 
anode and propagating toward the cathode. The differ- 
ence in appearance is intimately connected with a number 
of essential differences in regard to the voltage across the 

* Prec. Roy. See. vol. xxxvii, p. 318 (1884). 
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lamp, the current, &c.; and in what follows it will always be 
supposed that ~he vacuum is perfect, the s~arting instan- 
taneous, and the appearance of the arc from the very beginning 
uniform and deprived of any visible striations. Under these 
conditions the resistance of ~the arc is lowest at the beginninz, 
and increases rapidly during the first half minute, when it 
reaches its normal value, the arc having fully developed. If, 
the tube being perfectly cold, the are is started and the instru- 
ments carefully watched, the voltage is seen to begin wit, h a 
low value and to increase, while the ammeter shows first a 
high value which rapidly decreases. In one case, for inseanee, 
the indications at the beginning were 46 volts, 7 amperes 
(resistance 67r ohms); and after a few seconds, when the 
normal condition had been established, 62 volts, 5"5 amperes 
(resistance 11"3 ohms). The resistance, therefore, has nearly 
doubled ; and we have the, a~ first sight, paradoxical result 
that the conductivily of the ~nercur~l arc is the larger the less 
vapour there is in it, the conductivity being highest in the 
first moment when the pressure of mercury is but "00i ram. 

The following experiment leads {o the same conclusion. 
Experiment lO.---The lamp is provided with a jacket through 

which cold water can be kept in constant circulation. The 
Lemperatare oE the arc is lqereby lowered, the amount, of" 
mercury vapour in the tube diminished correspondingly, and 
this is accompanied by a diminution of the resistance of the 
arc. In a lamp which consumed, when surrounded by air, 
42 volts, the potential drop across the arc went down to 34, 
when surrounded by constantly renewed water, the current 
being kept up to the same value (4�89 amperes) by increasing 
~he resistance in series with the lamp. The explanation of 
this phenomenon on the basis of the ionic theory is simple. 
In the arc-stream we must distinguish between two different 
kinds of mercury vapour, the ionized conductive one and the 
ordinary mercury vapour produced by superfluous vapori- 
zation of mercury. This latter part of the mercury vapour 
hinders the motion of the ionized particles, and, by doing this, 
increases the resistance ol the arc-path. 

The amount of light sent out by the arc, under the con- 
ditions of experiment 10, is perfectly insignificant ; wherebr 
it is shown that the light-emission is not intimately connecte~t 
with the electric conductiviLy, but is a function of the tem- 
perature of tbe arc. 

Thus the conductivity and the luminosity of the arc do not 
go parailel, the maximum conductivit~ nearly coinciding wit]~ 
the minimum lig]It-emi~sion. With the increase of pressure 
of the mercury vapour the conductivity steadily diminishes, 
while the amount of light emitted increases up to a certain 
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value, and then remains stationary, or even slightly diminishes. 
To be perfectly correct we ought, therefore, to distinguish 
between three kinds of mercury vapom" in the arc-stream: 
one ionized and conductive, the other non-conductive but 
light emitting, and third, non-conductive and non-luminous 
~)rdinary mercury vapour. 

In the construction of the tube which contains the arc care 
must be taken to avoid the presence of that third kind of 
mercury vapour as much as possible. For ~his purpose the 
tube is provided with a condensing-chamber, lying outside of 
the path of the arc, in which most of the superfluous mercury 
vapour condenses betbre it gets into the arc. A good form 
of a vertical tube is shown in fig. 2, where the cylindrical 
tube J~C, placed above the auxiliary anode A, and parallel to 
the main tube BD, serves as a condensing-chamber. (See 
also fig. 3.) If such a condensing-chamber is not provided, 
the potential drop across the lamp is much higher than under 
ordinary conditions ; and if this voltage approaches too closely 
the impressed one the arc goes out. 

In w 2 the influence of non-conductin~ mercury vapour in 
the arc has been compared, as to its influence on the starting 
of the arc, with the influence of any other non-conducting 
foreign gas. The analogy goes further, since the presence 
of non-conductive mercury vapour in the arc has the same 
influence on the resistance and stability of the arc as the 
presence of a foreign gas. Again, from "2 quantitative point 
of view, the action is much weaker in the case of mercury 
vapour. The presence of even small traces of air or hydrogen 
in the tube increases the resistance of the arc-path enor- 
mously, and renders the arc unstable. In view of the influence 
of foreign gases and of superfluous mercury vapour on the 
resistance of the mercury arc, the approximate constancy of 
the potential drop across the lamp is strictly valid, and the 
nmnerical data given as to the voltage drop in the lamps, &c., 
are correct only when the vacuum is perfect, and care has 
been taken to provide the tube with a condensing-chamber. 

This being always presupposed, the conditions of stability 
of the mercury are are still rather complicated. First, as in 
any other arc, there must always be a certain amount of 
steadying resistance in series with the lamp. Second, again 
in common with all other arcs, for any given impressed 
voltage there is a certain lower limit of current below which 
the are is not stable. With 100 volts applied to a tube con- 
suming about 80 this low limit is in the neighbourhood of 
3 amperes. If, however, 250 volts are impressed, the lamp 
will run steadily with a much lower current. The voltage 
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across the lamp is, however, the same in both cases. I t  is 
not possible to account for the existence of this lower limit 
by the low temperature of the arc at the low current, since 
we saw that cooling the arc increases the stability. 

The explanation is rather to be looked for in the properties 
of the cathode. The supply of ions coming from the cathode, 
one must assume that the ionization p~ocess to be stable 
requires at each voltage a certain current, and dies out when 
the current is lowered below a certain limit. The behaviour 
of the tube can be considered as being ill favour of that 
explanation. When the current in the arc is reduced below 
that critical value, the lamp suddenly goes out after a certain 
interval of time, no gradual change in the potential drop 
aclvss the lamp being observed. This phenomenon points to 
the existence of a cause which ceases to act in a discontinuous 
way. Still, this explanatiou is probably only a partial one, 
since it does not explain the influence of the magnitude of 
the diameter of the tube on this lower limit. This influence, 
although not very pronounced, certainly exists, the critical 
value of current being lower the smaller the diameter of the 
tube. 

The phenomena described above, referring to the con- 
ductivity of the arc, being in accordance with the ionic 
conception, the question remains to be answered whether the 
flow of ions in the arc takes place in both directions or only 
in one ; and if the latter be true, what that direction is. The 
total difi~rence in appearance of the two electrodes speaks 
against the existence of" a symmetrical process in the arc 
The arc around the anode is quiet and steady, while on the. 
surface of the cathode there is a small bright spot which is 
constantly wandering about upon that surface. The funda- 
mental importance of" the catllode in the process of starting 
or' the arc, described in section 1, leads one naturally to the 
conclusion that the production of lens takes place at t]w cathode 
surface. This is further strengthened by the following facts. 

The properties of the arc are independent of the nature of 
the anode, whether this be made of iron, graphite, silicon, or 
of mercury itself. In the case of iron and graphite a slight 
disintegration of the anode takes place ; but this is exceedingly 
small, so that it takes days to notice any black deposit on the 
glass; and is obviously a second,~ry phenomenm b due to vola- 
tilization of` the material of the anode in vacuum in conse- 
quence of the high temperature of the anode. Replacing 
these substances by a hard substance, such as titanium carbide, 
does away with the disintegration altogether. The material 
of the anode is therefore irrelevant, and its choice is deter- 
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mined by practical considerations. Thus, the anode must 
have a relatively high melting-point, must not enter into 
combination with mercm'y~ must have in its normal con- 
dition as little gas occluded as possible, ~c. The material 
of it does not seem, however, to affect the nature of the 
arc in the least. In the case of a mercury anode~ to be sure, 
vaporization of the mercury takes place, and this affects 
somewhat the stability of the arc in accordance with the 
principle expounded ,~bove. But this is obviously unimportant 
in this connexion. 

Another property which is characteristic of the cathode is 
that it is difficult, if not altogether impossible, to realize such 
conditions that more than one cathode in multiple should be 
present in the same arc.  Attempts to produce more than one 
cathode invariably 5all. One of the experiments may be 
described here. 

Experiment 11.--In the tube ABC (fig. 6) there are three 
cups filled with mercury, of which C and B are connected to 
the negative~ A to the positive pole of the source of current. 
B and A are close to each other, so that by shaking, the arc 
BA can be started. There is enough mercury in the tube to 
cover the surface of the glass between C and B when the 
tube is a little inclined. When the mercury-surfaces in C 
and B are thus connected, and the wandering bright spot 
(from our point of view the centre of ionization) happens 
to move away fi'om t~ towards C~ the mercury-surfaces are 
separated at a point near to B, the bright spot remaining now 
on the surthce C. In this way the cathode is transferred from 
B to C, and B rendered inactive. The arc goes exclusively 
to C, although the arc CB represents an additional resistance. 

I f  B and C are made anodes, and A the cathode, and the 
same experiment as before performed, the arc sticks to B, 
and by placing resistance in the branch leading to B, so as 
to more or less compensate the resistance of the additional 
length of arc, the current can be distributed between the two 
anodes. 

This impossibility of having more than one cathode is 
intimately connected with the necessity, from our point of 
view, of creating a centre for production of ions on the 
cathode. 

If  the cathode is the seat of the ionization proces 6 a 
mercury arc, having the mercury as anode, and a piece of 
solid material, such as gnThite  or iron, as cat/wde, must 
produce some peculiar phenomenon on that solid cathode. 
If, in fig. 2~ connexions are reversed, :B made lhe anode, 
D and A cathodes, on starting the side-branch arc AB the 
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main arc BD does n o t  start, even after the ionized vapour 
has filled the whole space BD. This has already been 
mentioned. I t  would, however, be too hasty a conclusion to 
say that graphite or iron is incapable of being tile cathode in 
a mercury are, since we have seen that the cathode of an arc 
must be rendered active, which was not the ease with the 
graphite cathode D. The simplest way to make a cathode 
active is that used in all ares, i. e. separating the two 
electrodes after having brought them into contact. This is 
realized in the following experiment. 

In a vertical carefully-exhausted glass tube there is a 
mass of mercury at the bottom and a rod of graphite 
suspended from a platinum wire, and reaching within a 
short distance from the mass of mercury at the bottom of 
the tube. The graphite rod is eonneeted to the negative, the 
mass of mercury to the positive terminal of the som'ee. By 
shaking the tube it is easy to bring the mercury and the 
graphite rod into contact and separate them again, whereupon 
the are starts up with a graphite cathode. In this ease the 
following phenomena are observed :--There is a wide hot spot, 
wandering about the surthee of the rod, just as there was a 
bright spot on the surface of the mercury cathode. Rapid 
disintegration of the cathode takes place from the very 
beginning, and a deposit of carbon forms all over the w'dls 
of the tube and the surfhee of mercury. This disintegration 
goes on as long as the are lasts, and takes place whatever the 
the material of the cathode (graphite, iron, &e.). 

The cathode is, therefore, the electrode which disintegrates 
in the are. This mechanical disintegration is probably in- 
timately connected with the ionization which takes place on 
the surface, and the most probable assumption is that the 
current leaves the graphite cathode in form of carbon ions, 
and is transported through the arc by means of mercury ions. 
Whether these latter are generated exclusively at the surface 
of the graphite cathode or whether they come in part from 
the mercury anode cannot be decided. If  a piece of graphite 
and a mass of mercury are both connected to the negative 
terminal, the are will go almost exclusively to the mercury 
cathode. A small current of about "01 ampere flows to the 
graphite, but even this small current is accompanied by a 
slight disintegration. 

To summarize what has been said above, there is strong 
evidence in favour of the assumption that the cathode is the 
electrode at which the primary generation of ions takes plac G 
while the question whether the flow of ions in the arc is 
unidirectional--negative ions going from the cathode to the 
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anode--or whether the ions, after having reached the positive 
electrode, become positively charged, and move buck toward 
the cathode, must be left undecided. It  was, however, in- 
teresting to :see what results could be obtained if, starting 
with the assumption of unidirectional flow, one attempted 
to solve the second fundamental question in connexion 
with the conductivity of an arc, namely, that referring to the 
amount of matter carrying the current. The mercm'y arc, 
being inclosedy and taking place in a vacuum, presents a 
better opportunity for the study of this question than the arcs 
burning in air. Still, the difficulties are such that reliable 
quantitative data could not thus far be obtMned. 

Assmning a unidirectional flow of ions, one might think 
that by arranging a vertical tube, having at the bottom a 
mercury cathode, and at the top a graphite anode, providing 
this tube with a well-cooled condensing-chamber around the 
anode, one could get some data by determining the amount 
of vapour collected during a certain time in that chamber, 
the current being kept constant. This procedure would, 
however, be faulty in view of the fact that only a small 
part of that mercury has participated in the actual transport 
of the current. A condensing-chamber at the bottom of the 
lamp in the way shown in fig. 2 does away with a large part 
of the mercury that simply evaporates from the cathode, and 
if a part of the tube is surrounded with a jacket with circu- 
lating water, large amounts of mercury condense there which 
otherwise would have reached the condensing-chamber at the 
top of the lamp; the current in the lamp is, if anything, 
increased by this condensation taking place. The following 
arrangement is somewhat more satisfactory without, however, 
enabling one to get quantitative results. 

Experiment 1'2.--The lamp has the form shown in fig. 7" 
(P1. IIL), and is submerged in a large vessel through which 
cold water constantly circulates. It can be supposedthat the 
mercury ions, after having given off their charges at the 
anode, will diffuse and condense in the condensing-chamber 
C, which, being outside of the arc, is the coolest spot in the 
tube. The cooling with water not being sufficient to perfectly 
do away with superfluous vaporization of mercury, experi- 
ments conducted in this way can only give maximum values~ 
above which the quantity looked for cannot lie. 

From the experimental data thus obtained, one thing seems 
to be surely established, namely, that the amount of matter 
carrying tt~e current is a very small part of that required by 
Faraday's law. 

Some experiments have been performed on the loss in 
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weight of a carbon cathode in a mercury arc ; the mechanical 
disintegration of the cathode~ however, interferes with 
securing easily interpretable results. 

These experiments and the qualitative results in respect to 
Faraday's law, are founded on the assumption that the ions 
move in only one direction, and would be entirely invalidated 
if the ions obtained positive charges at the anode and carried 
them back to the cathode. On the other hand~ by following 
out closely the experiments and comparing the data obtained, 
I may be able to either confirm or else disprove the theory 
of unidirectional flow. 

In connexion with this, and with the theory of the arc in 
general, the investigation of the nature of the luminous 
vapour which spreads out from the cathode into the parts of 
the tube lying outsi~]e the arc-path is of exceeding importance. 
A nmnber of experiments have been carried out with the 
idea of ascertaining whether this luminous vapour carries 
electrical charges, or whether it represents a conductive state 
of mercury vapour~ capable of taking up electric charges. 
I expect to publish in a continuation of this article the 
results of these experiments. 

The action of the magnetic field on the arc has also been 
investigated. It is very peculiar and not easily accounted 
for. The observed phenomena can be briefly described as 
follows : the field and arc being both horizontal and perpen- 
dicular to each other, the are is deflected up or downward, 
according to the common rule of the action of a magnetic 
field on a current. The deflexion downward is accompanied 
by a motion of the bright cathode-spot along the surface of 
the cathode in the direction of' the current ; the arc is thus 
lengthened, and when it reaches the wall of the tube it digs 
into the mercury where the latter is in contact with the 
walls of the tube. If the direction of the current in the arc 
is reversed~ the arc is pushed upward and tries to become as 
short as it possibly can, so that the spot on the cathode moves 
in the same direction as beibre (as is easily seen by making 
a sketch). Changing the direction of the field changes of 
course the direction in which the arc is deflected, as well as 
that in which the cathode-spot moves. I t  is very strange, 
however~ that when the arc contracts, the digging of the 
spot into the mercury also takes place. The behaviour of 
the arc in a magnetic field can be partly explained by assum- 
ing it to be a flexible conductor capable of changing its 
length~ both ends being capable of sliding along two surfaces~ 
and that on the anode being much less mobile than that on 
the cathode, i t  is difficult to imagine a mechanical model 

t)hil. Mag. S. 6. Vol. 7. No. 38. Feb. 1904. I 
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which would have similar properties, and the action of the 
magnetic field on the arc presents, therefore, features which 
are at first sight paradoxical, i f  the arc is vertical and the 
field horizontal, the deflexion of the arc and that of the spot 
are in opposite directions. The best way to carry out this 
experiment is to have a bulb about 2~ in. in diameter, pro- 
vided with two mercury cups at the bottom and a graphite 
anode suspended from the top. The vertical arc is started 
between the graphite anode and one of' the cups. The spot 
on the cathode is usually wandering about the surface. To 
give it a fixed position it is best to have an iron wire pro- 
truding a little above the surface of the mercury. s 
bright cathode-spot is then centred on the mercury surface 
around the iron wire. Under these conditions the arc is 
first deflected one way, and after a while the bright spot is 
seen to move away from the iron wire in the opposite 
direction. 

The action of the field on the mercury arc is complicated 
by the fact that the conductivity of the mercury-vapour 
changes with its temperature, so that the observed effects 
change in their appearance when the amount of mercm'y- 
vapour present in the arc is changed. 

It is interesting to note that the action of the field on the 
cathode-spot can be in most cases formally accounted for by 
assuming that positive current elements leave the cathode 
surface in a direction perpendicular to that surface. 

w 
Arcs in Vapours of Alkali ~]Ietals. Behaviour of Amalgams. 

The most volatile metals, after mercury, are those of the 
alkali group~ the boiling-points of the most common of them, 
sodium and potassium, lying between 600 ~ and 700 ~ . On 
the subject of the arcs of these metals in an exhausted space, 
there are in the literature only a few preliminary experiments~ 
published by Arons in the article mentioned. The difflculties 
one encounters in this work are many, and it was only after 
many failures that I succeeded in making the simple form of 
a tube in which the arc could be started and maintained for a 
time long enough to make observations. The tube had the 
form shown in the figure. 

Z'xperiment 13 (P1. i I I .  fig. 8).--CD is a wire connected to 
the negative pole of the source. The part OD of this wire is 
best made of platinum or platiniridium. E is a piece of iron 
about ~ in. long and �88 in. diameter. I t  swings around the 
pivot t ' , and is to serve as the auxiliary anode; FP  is a 
platinum wire ; the two seals F and C are purposely placed 
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outside of the alkali metal  which fills the bottom of the tube, 
since otherwise the action of the hot molten metal on the 
platinum wire and the glass causes the seal to crack. A is 
an iron or graphite anode. The length of the tube AB is 
from 5 to 10 inches. By shaking, the swinging anode E 
and the platinum wire CD come into contact, and on separa- 
tion a small spark is produced, which ionizes the vapour in 
the tube, and in consequence of the proximity of the alkali 
metal  cathode the ionization process is started at the latter. 
An arc is thus established between E and the alkali metal ; 
tile small arc EB ac~s then as a slde-branch, and causes the 
main tube BA to start up. This may take place instant- 
aneously, or require a few seconds, according to the care 
with which the tube was exhausted. A direct contact of the 
auxiliary iron anode and the alknli metal would of course 
produce the same effect. Since. however, the alkali metal is 
introduced in solid form, and afterwards in melt ing contracts 
in volume, and since the arc causes evaporation of the alkali 
metal, the distance between E and the surface of the alkali 
metal changes, and arrangements would have to be made 
which would allow the iron to be brought  in contact with 
the cathode at all these different distances. I found all such 
arrangements more complicated and less reliable in their 
action than tim one shown above. A small tube T (not 
shown in the fig.) is provided at the lower part  of the tube, 
through which the pieces of the alkali metal can be intro- 
duced, while, to prevent  oxidation, hydrogen gas is allowed 
to pass through the tube. A stopcock on the pump-con- 
nexion is for this purpose to be connected with a hydrogen 
generator.  After  the alkali metal is introduced the tube T 
is closed on a sharp blast flame, and the exhaustion begun. 
When  the vacuum is good the arc EB is started, and when 
the large amounts of gas evolved from the alkali metal have 
been carried away by the pump, the tube behaves exactly 
like a mercury tube and starts up ahnost as easily. The  
exhaustion being made by means of a mercury  pump, the 
discharge goes a~ the first moment through the mercury 
vapour that is present in the tube, but is soon replaced by a 
pure arc of sodium or potassium vapours. I succeeded in 
having arcs through potassium vapours 10 in. long and 
lasting for a few hours. The attack on the glass, in con- 
sequence of chemical action combined with a relatively high 
temperature,  sooner or later puts an end to the experiment. 

The characteristics of the arc, except the spectrum, are 
essentially the same as those of the mercury  arc. The elec- 
trodes possess the same properties. The potential drop 

I 2  
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across the arc is of the same magnitude as in the mercury 
arc, the sum of polarization voltages at the anode and cathode 
being here about 8 volts, independent of what the material 
of the anode may be. In this there is a difference from the 
mercury arc, as between a mercury anode and graphite 
anode there existed a difference of 7�89 volts. This additional 
voltage is probably connected with the low boiling-point of 
mercury. The potential drop per inch arc length is nearly 
the same, about 2 volts~ as in the mercury arc, varyin~o- 
under the influence of the s,lme conditions, as in the case o[ 
the arc through mercury vapours. 

The amount of light given off is very slight. The lamp 
has the appearance of a very dim, reddish-yellow flame, 
filling a glass tube. The difference in the efficiency as to 
light emission between a mercury arc and an arc in alkali 
metal vapours is partly to be explained by the known fact 
that much more energy is stored up in red light than in 
green, for the production of the same physiological impres- 
sion ; partly by the fact that much less vapour is present in 
the arc than in the case of a mercury arc. The condition of 
a potassium or sodium arc surrounded by air is nearly the 
same as that of a mercury arc cooled by a water-jacket. I 
believe, however, from a series of experiments the descrip- 
tions of which would lead us too far, that these two causes 
are not sufficient to explain the enormous difference in the 
efficiency of the alkali metal vapour arc and the mercury arc. 
In addition to the two causes mentioned, one must assume 
that different vapours have a d~fi~rent power for light emission 
when submitted to electrical excitation. 

The long arc through the vapours of alkali metals that can 
be easily realized by following the description given above, 
will certainly prove useful for the spectral analysis of the 
light emittccl by these vapours, as the arc takes place in 
vacuum in absence of any material that could introduce lines 
of its own into that spectrum. 

A large number of experiments have been carried out on 
the behaviour of amalgams, beginning with very dilute ones 
and going up to such containing only a few per cent. of 
mercury. In case of dilute amalgams (up to about 10 per 
cent. potassium or sodium) the arc is at low current prac- 
tically that of mercury, while at higher currents the light of 
the 'alkali metal appears. Results of especial theoretical 
interest have not been obtained, and the very large number 
of experiments made may, therefore, be only very briefly 
summarized. With, for instance, a 10 per cent. potassium 
amalgam, at 2�89 amperes, the arc is that of mercury, while at 
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4 amperes the light of potassium becomes visible to the 
naked eye. This influence of current-density has already 
been noticed by Arons. The 20 per cent. amalgam has the 
peculiarity that it remains solid while tile arc is running, so 
that a mercury arc takes place between two solid electrodes, 
and the tube can be given any position whatever. The more 
alkali metal is present in the amalgam the lower is the 
current limit at which the light of the alkali metal appears, 
until, beginning with the amalgam containing about 40 per 
cent. potassium or sodium, the behaviour is nearly the same 
as that of the pure alkali metals. 

Magnesium and lithium amalgams have also been investi- 
gated. Even relatively dilute amalgams are solid, and the 
tension of mercury vapour, and correspondingly (see w 3) 
the amount of light given off, are greatly reduced by the 
presence of small quantities of those two metals. The 
tension of mercury vapour being greatly diminished by 
addition of those and similar metals 7 these amalgams may be 
useful in connexion with the investigation of the amount of 
matter carrying the current in the arc. 

w 
Alternating Current Phenomena in the Merc~ry Arc. 

From experiments of Zuehristau (1893), Wirz (1893), 
Sahulka (1894), Arons (1896), and others, it is known that 
the establishment of an alternating current arc of any con- 
siderable length between two metallic electrodes presents 
difficulties. This is at least true for moderate voltages, and 
Arons has shown that this general rule holds for an arc 
between two mercury surfaces in a vacuum. Jamin and 
Manoeuvrier found (188Z, Comptes Rendus, vol. xciv. p. 1615) 
that in using two electrodes, one of carbon and the other of 
metal, the alternating current passes in form of an arc 
between the two electrodes much more readily than between 
two metal electrodes, and that at the same time partial recti- 
fication of the alternating current takes place, the current in 
the direction carbon-metal predominating over that in the 
opposite direction. Jamin and Manceuvrier used as a 
metallic electrode lead, iron, or mercury, and found the 
rectification best in the case of the last-named material. 

Blondel, Com ptes Rendus, vol. cxxviii, p. 727 (1899), in- 
vestigated the arc between one carbon and one metal elec- 
trode by means of his oscillograph, and showed that under 
certain conditions one half-wave of the alternating current 
is entirely suppressed. Duddell and Marchant performed 
similar experiments. 
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A report on the rectification of a three-phase current by 
means of a mercury arc in vacuum, from the experiments of 
Peter  Cooper Hewitt,  appeared in the ' Electrical World and 
Engineer, '  January  17, 1903. 

The line of thought I followed out was as follows : - -The  
experiments described in section 1 have shown the important 
role of the cathode in the process of starting an arc between 
two electrodes, one of which is a metal, and this observation 
immediately gave me an answer to the question, why is it  
difficult with moderate voltages to run an arc between ~wo 
metallic electrodes ? According to the experiments described 
at that place the passage of the arc is only possible when the 
ionization process is established at the cathode. In  the case 
of an alternating current this peculiar condition of the cathode 
must be produced at each reversal of direction of current  at 
a different electrode. The electrodes being separated the 
ionization process at the cathode soon dies out, and since the 
other electrode, which is now to be the cathode, is not excited 
the arc cannot but go out. 

Experiments have been accordingly carried out in order 
to see whether an alternating current  arc through mercury 
vapours shows a behaviour in accordance with the theory 
expounded above. The experiments were arranged in a way 
similar to those in section 1. 

Experiment 14.--The tube ABCD (Pl. I I I .  fig'. 9) has four 
cups filled with mercury. A and B are connected to a source 
of direct current, C and D to a source of alternating current 
of moderate voltage (100-200 volts). The direct current  
arc AB is started by bringing the mercury surfi~ces in con- 
tact and separating them, and then the ioHized vapour fills 
the whole length of the tube. The arc between C and D 
does not start up precisely as was the case with the direct 
current in section 1. As soon~ however, as the electrode C 
is brought into contact with B an arc is established between 
C and D in such a direction that C is cathode. I f  the contact 
between ~ and B lasts only a moment a direct current 
ammeter shows by its deflexion the passage of a rectified 
current. The arc ceases immediately after C and B are 
disconnected. 

I f  now, the direct current remaining between A and B, 
the alternating current is applied to B and C, so that the two 
arcs have a common electrode, the alternating current will 
pass continually in the form of an arc between B and C, 
since B is constantly kept active by the direct current. The 
arc BC is, however, intermittent and the alternating current 
perfectly rectified, so that only that half  wa~'e passes u,hic]t 
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has the common electrode as cathode, the other one being per- 
fectl S suppressed. The electrode C, the anode of the rectified 
current (in the case of a common cathode), can be made of 
graphite, iron, or any other suitable material, just as in the 
case of a direct current are. The wave shape of the current 
and electromotive force has been taken by means of a wave- 
form indicator, founded on the principle of charging a con- 
denser to the potential-differelme to be measured, and dis- 
charging it through a galvanometer. A full description of 
the apparatus can be iound in the , Electrical World and 
Engineer, '  1901, p. 688. 

Plate IV. shows the wave shape of the current through 
the alternating current arc, together with that of the elec- 
tromotive force across the arc. I t  shows first how com- 
plete the suppression of one half wave is, and second, if 
compared with the potential curve of the alternator, that the 
form of the potential wave has not changed at all during the 
time when no current is passing. 

The reason of the rectification lies in the dissymmetry of the 
arrangement, only one electrode of the alternating are being 
made active. I f  both half waves are to pass the arrangement 
must be made symmetrical by providing two direct currents, 
one on each side el the alternating arc. 

Experiment 1 5 . ~ I n  the glass tube ABCD (fig. 9) the cups 
A and B are connected to one, C and D to another source of 
direct current. B and C are connected to the alternator. 
B and C are the cathodes of the two direct current arcs. (The 
connexions are not shown in the fig.) Under these condi- 
tions, since both electrodes of the alternating arc are kept 
activ% both waves of the alternating current pass through 
the arc, as is shown by Plate V. 

Returning to the simpler case described in Experiment 14 
it will be noticed from Plate IV. that the current is sup~ 
pressed for exactly �89 period. This is, however, true only for 
short arcs. As soon as the length of the alternating are 
exceeds a certain value (about 6 ins.) a peculiar kind o f "  lag '" 
appears between the electromotive force and the current, so 
that the current lasts less than one half period. Plate VI. 
illustrates the case of a tube in which the length of the 
alternating arc was 151 ins., and the anode of the rectified 
current a piece of iron. [t is seen that the current started 
in the arc very abruptly and only after the electromotive 
force had reached a certain value. The rise in current is 
simultaneous with a sudden drop of the potential across the 
arc. Plate VII.  refers to an alternating arc 36 ins. long. 
The cause of this lag is now the subject of investigation. I t  



120 Dr. E. Weintraub on the Arc in 

has, however, been ascertained that it is influenced by the 
magnitude of the alternating voltage and by the frequency 
of the alternating current. I t  increases i7~ a very marked way 
with the length of tube. The most probable explanation of 
the phenomenon would consist in the assumption that the 
electromotive force must attain a certain value before it can 
bridge over the space. Another assumption would be that 
the " l a g "  measures the time necessary for the ions to cross 
the distance between the two electrodes of the alternating 
arc. Probably each one of the two assumptions has a part 
of truth in it. The experiments are being continued, and 
will, I hope, throw some light on this, in my opinion, very 
interesting phenomenon. The necessity for having a certain 
value of the electromotive force before the current can 
assume an appreciable value places this phenomenon in 
analogy with the well-known fact of the existence of a lower 
limit of electromotive force necessary to break the resistance 
of a gap between two electrodes placed in a gaseous medium. 
In the case before us the medium separating the two elec- 
trodos is an already, to a certain extent, ionized vapour, and 
this limit of electromotive force, which is low, can be readily 
measured, and the phenomenon therefore studied very. 
thoroughly. 

Blondel has already observed a similar phenomenon in 
carbon-metal ares in air, but in this case the cause was in 
the self-induction placed in series with the arc, while here, 
in all the experiments, a practically non-inductive resistance 
was used to limit the alternating current. The influence of 
a self-induction in series will a}so be studied. 

Considered as a practical rectifier, the arrangement de- 
scribed in Experiment 14 has two great disadvantages. The 
first is the use of a direct current. The second is the sup- 
pression of one half of each wave, so that only pulsating 
currents are derived, instead of a continuous one. The first 
improvement made is illustrated by fig. 10 (PI. III.). 

Experiment 16.--In the tube ABC (fig. 10) the two mer- 
cury cups A and ]3 are connected to a source of direct current, 
the cup ]3 and the graphite terminal C to a source of alternating 
current. In shunt to the lamp a reactive coil is placed. The 
half-wave of the direction CB goes through the arc ; that of 
the direction BC, being unable to pass through the arc, chooses 
the path of the reactance, which, in discharging itself after- 
ward in the proper direction C]3 through the arc, causes at 
least a part of the half-wave of the wrong direction to become 
rectified. A somewhat similar arrangement, in which a 
transformer is used, is shown in fig. 11. 
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Experiment 17.--The tube differs from the previous one 
in that there are two anodes in the main lamp. T (fig. 11) 
represents a transformer whose ratio of transformation can 
be supposed to be 1:1. The primary of the transformer 
is connected to the source; the two ends of the secomlary 
are connected to the two anodes A and D, and a neutral 
wire, taken out from the middle of the transformer, is con- 
neeted to the cathode B. By following out the arrows indi- 
cating the direction of the current, it is easily seen that each 
half-wave is in one of the two windings of the secondary, 
in the proper direction, and can pass through the arc, and 
that all the current that goes through the arc is rectified and 
collected in the neutral wire of the transformer. The 
currents that actually flow in the two windings of the 
secondary, being of opposite directions, the saturation of 
iron which would take place with pulsating unidirectional 
current is prevented. 

Since current is constantly flowing through the arc, the 
direct-current arc in the side-branch fulfils only the function 
of keeping the cathode active during the short inter~al of 
time around the zero of the current in the main arc. 

1 have used many other forms, especially in connexion 
with polyphased currents ; but these experimen*.s may be 
omitted here, as they introduce no new principle. 

Although in experiment 17 the direct current in the side- 
branch could, even in case of single-phase alternating current, 
be reduced to only a small part of the rectified one, still the 
necessity for using a direct-current source is a disadvantage. 

Experiment 18 contains, however, the germ of an idea which, 
developed further, allows one to dispense with the use of the 
direct current altogether. 

Experiment 18.~The glass tube ABC (fig. 12) has three 
cups. The alternator is connected to A and C. A and B 
are connected outside by a reactance (of the magnitude of 
40 ohms). If  A, B, and C are brought into contact and 
separated, the arc runs steadily between A and B, and 
C and B, in such a way as to have B for a common 
cathode, and A, C for two anodes. The explanation of 
the action of the reactance placed between A and C is 
as follows :--Let  us assume that the alternating current at 
a certain moment has the direction CB. It can then go 
through the tube in that direction, making B cathode, and 
passing through the reactance which is in series with CB. 
When this halt-wave begins to decrease, the reactance restores 
the energy stored up in it by discharging itself through AB, 
this discharge having B again for the cathode. Before that 
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discharge ends the alternating current assumes anew the 
direction CB, in which it can discharge itself through the 
tube, and the same process is repeated. The essential point 
of the arrangement is the existence of one common cathode 
to the alternating-current wave which has the proper direction 
and to the discharge of the reactance placed in shunt with AB 
and in series with CB. 

The currents in AB, CB, as well as in the main line, are 
pulsating, while in the reactance the current is unidirectional 
and diminishes to zero for only a very short interval of time. 
Plate VIII .  is the most interesting in this connexion. I t  
shows the currents through CB and AB in their proper 
relation to the time, and confirms completely the above given 
explanation for the action of the reactance. 

The use of direct current is done away with by this arrange- 
ment, but only one half-wave of the alternating current is 
utilized, and the resulting rectified current is far from being 
steady. In order to utilize both halves of the alternating 
wave two reactances must be used in a perfectly symmetrical 
manner. 

]~periment 19.--The connexions, as shown in PI. I I L  
fig. 13, require no explanation. One half of the alternating 
wave goes in the direction CBA, the other in the direction 
EBD. The zero-point of the alternating current, as well as 
the period during which the value of the alternating current 
is small, is bridged over by the discharge of the reactances L 
and Lx through those parts of the arc to which they are in 
shunt respectively. All four currents have the same common 
cathode K. Plate IX. shows that the current in the line N, 
where all the currents are superposed in the same direction, 
is a direct current nearly constant in its intensity. In the 
supply-line there flows, as is shown in Plate X. a regular 
alternating current. The unidirectional current in one of 
the reactances is shown by Plate XI.  This arrangement 
represents, therefore, an almost ideal rectifier. The efficiency 
is, with 100 volts applied, counting in the losses in the arc, 
as well as in the reactances (copper-loss, hysteresis, &c.), 
very high, and goes up as the voltage is increased. The 
power factor can, by proper adjustment of the reactances, be 
made very near to unity. 

The two electrodes C and E can be made of graphite, iron, 
or similar material, so as to avoid the superfluous mercury 
vapour which comes from the mercury anodes and disturbs 
the stability of the arc (see w 3). A condensing-chamber 
must, of course, be provided in all of the tubes, in order to 
keep down the pressure of the mercury ~apour. The very 
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interesting point is that under normal conditions no current 
flows between the two anodes E and C, even when they are 
only ~1~ inch apart. 

I f  the tube is to work as a rectifier, the distances EB and 
]~C are made small. I f  the arc is to be used as a source of 
light, the lamp must be long enough to consume all the 
voltage applied; and in that case the tube has the form 
similar to that of a direct-current lamp. First  the lower part 
of the lamp is started, and as the ionized vapour fills the main 
vertical tube the arc is partly transferred to the two anodes 
at the top of the lamp; and this transfer carl be made com- 
plele by opening the switches leading to the auxiliary anodes 
at the bottom of the lamp. As ill the case of the direct- 
current arc, a carbon filament helps the propagation of the 
arc. The details, however, must be omitted, as they would 
lead too far into the practical side of the subject. 

In case of a three-phase alternating current a similar 
rectifier can be used. Three anodes, connected to the three 
wires of the system~ are used. The three anodes are connected 
by reactances to the mass of mercury at the bottom of the 
lamp, which is to serve as the common cathode. In the wire 
leading from the common cathode to the three reactances 
both half-waves of all three phases are rectified and superposed. 

The practical importance of the rectifier for alternating 
current is so self-evident that it need not be emphasized, i t  
would, however, lead too far to enter into a description o~ the 
most practical form of such rectifiers, their use for large 
currents and for high voltages~ the operating of many of them 
in multiple and in series, &c. The description given above 
was only intended to make known the main principle, and to 
point out those parts which are of scientific interest. 

Summary~ of Main Results. 

The main results of this investigation may be summarized 
as follows : - -  

1. By a series of experiments it was shown that in the 
process of starting an arc the cathode plays an important rSle, 
so that a certain change must take place on its surihce beibre 
the arc can start. The anode receives the current without any 
previous excitation. 

2. Starting from the recognition of this rble of the cathode, 
a new method has been devised for an instantaneous starting 
of the passage of a moderate voltage-current through the space 
separating the electrodes, and this no matter how long that 
space is. 

3. The properties of the mercury arc have been studied~ 
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and a nmnber of differences in the behaviour of the cathode 
and anode, besides the one mentioned above, stated. 

4. The behaviour of amalgams, as well as pure alkali 
metals, has been investigated, and the complete analogy 
between the behaviour of the arc in their vapours and that 
of the mercury-arc shown. 

5. Di t~rent  ways have been found to cause an alternating 
current  to pass through mercury vapour in form of an arc. 

6. On the basis of this a theoretically almost perfect rectifier 
for conversion of alternating current  into steady direct current 
was developed. 

In  conclusion, I wish to acknowledge the great help I have 
obtained from Dr. Kruh, who assisted me in carrying out the 
work on the alternating current, and take pleasure in ex- 
pressing my thanks to Dr. C. P.  Steinmetz and to Dr. W. 
R. Whitney,  Director of this Laboratory, for their interest in 
this work and many valuable suggestions. 

Schenectady, N.Y., July 17th, 1903. 

X [ I [ .  Tile "Variation of Potential along tile Transmitting 
Antenna in Wireless Telegrapfi S. By C. A. C~A~T *. 

[Plates XII. & XIII.] 

I. Introduction. 

I N a former paper 5- illustrations were given of the manner 
in which standing waves are formed on a free-ending wire 

when the electrical disturbance is produced by eleetrostatio 
induction from a t tertzian oseillator at the other end of the 
wire. The present communication contains a somewhat de- 
tailed account of an examination of the aerial wire used to 
radiate the waves 'in wireless telegraphy ; and, in a seetion at 
the end, a brief account of a continuation of the former 
experiments. 

The problem of the electrical oscillations about a free-ending 
wire has been treated from a rigid theoretical basis by 
Abraham :~, who determined the electr icand magnetic forces 
at an)" point in the field by directly integrating the Maxwellian 
equations. For  the purposes of analysis the wire was con- 
sidered to have the form of a very elongated paraboloid of 

* Communicated by Prof. Trowbrldge. 
t C. A. Chant, "The Variation of Potential along a VFire Transmitting, 

Electric Waves." Am. Jour. Sci. xv. p. 54 (1903) ; Phil. Mat. set. 6, 
v. p. 331 (1903). 

$ M. Abraham, Ann. der .Physik, ii. p. 32 (1900). 
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